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1 For example, biomedical applications, sensors, and selective optical filters make use of the optical properties of gold nanoparticles, which are highly dependent on the size, shape, and degree of particle-to-particle coupling.
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Manufacturing advanced materials using clusters as building blocks requires immobilization of prefabricated nanoparticles or particle synthesis on the surface as the initial preparation step. 3, 4 An interesting platform is provided by self-assembled monolayer ͑SAM͒ modified surfaces, which allow for tuning surface reactivity by adjusting the free terminal group of the thiol molecules. [5] [6] [7] In the present study, we use low-energy deposition to immobilize gas-phase gold clusters on a Au͑111͒ substrate covered with n-dodecanethiol ͑DT͒ SAM. Deposition of clusters preformed in the gas phase offers the possibility to control the size and morphology of the deposited clusters. By using a DT SAM, the cluster-SAM interaction can be probed without the added complication of a reactive end group on the thiol. Only a few studies have reported the deposition of gas-phase clusters on thiol-SAM/Au͑111͒ surfaces. [7] [8] [9] While the penetration of the deposited clusters through the SAM can be controlled to some extent, the involved mechanisms are poorly understood.
To gain insight into the mechanisms and a better understanding of the cluster-SAM interaction, we employ molecular dynamics ͑MD͒ simulations and scanning tunneling microscopy ͑STM͒ studies.
n-dodecanethiol ͑Ն98%͒ was purchased from SigmaAldrich ͑Finland͒ and used as received. Thiol SAMs were prepared at room temperature, immersing flame-annealed Au͑111͒-coated mica slides in 1 mM ethanol solution of n-dodecanethiol for 4 h, after which the samples were rinsed with ethanol and blown dry with N 2 .
The gold clusters were deposited under ultrahigh vacuum using a gas aggregation source ͑NC200, Oxford Applied Research, United Kingdom͒. 10 Cluster coverage was controlled by the deposition time and the size distribution was determined using the grain analysis function in Gwyddion. 11 The samples were imaged using STM ͑PicoScan, Agilent Technology, USA͒ in constant-current mode under ambient conditions. The STM tips were mechanically cut Pt/Ir ͑80:20͒ wires, with diameters of 0.25 mm ͑Advent Research Materials Ltd., UK͒. When imaging nanosized particles with STM, tip-convolution effects lead to the enlargement of the apparent diameter of the particles, the effect of which was corrected as described by Schiffmann et al. 12 The MD simulations were carried out with the LAMMPS code, 13 with a recently developed potential in the ReaxFF formalism, [14] [15] [16] the properties of which have been fit to an extensive database of ab initio results of gold-thiolhydrocarbon interactions. The results were visualized using visual molecular dynamics ͑VMD͒.
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The preformed gold clusters impinge on the surface with low kinetic energy. We consider, as a rough approximation, that the cluster velocity is close to the expanding gas velocity V Ar = ͓2kT␥ / ͑␥ −1͒m Ar ͔ 1/2 Ϸ V cluster , with ␥ =5/ 3 for argon, 3 leading to a kinetic energy of ϳ0.3 eV/ atom. Figure 1͑a͒ shows a large-scale STM image of the deposited gold clusters on Au͑111͒/DT SAM at low coverage. The Au vacancy islands appearing as dark pits in the images are characteristic features of thiol adsorption on Au͑111͒. 18 The clusters are randomly distributed, with no enhanced concentration observed at the step edges, domain boundaries, or Au vacancy islands. The possibility of cluster migration and consequent binding to the Au vacancy islands has been ruled out by a detailed analysis of the STM images and comparing the number of Au vacancy islands before and after the cluster depositions. The stability of the clusters was investigated by repeated imaging with STM ͑intervals of several weeks͒, showing unaltered morphology. The mobility of the clusters is thus negligible at room temperature. Figure 1͑b͒ shows a high resolution image of a densely packed SAM layer on top of a deposited cluster. The thiol molecules have a typical hexagonal arrangement with a 5 Å periodicity. 19 Thus, the hexagonal pattern indicates that the molecules reorganize into a well-ordered SAM after deposition.
The diameters of the deposited clusters range from 1.8 to 7.5 nm and typical heights from 0.6 to 1.7 nm. No coalescence of the particles was observed at low coverage. Thus, the mean incident cluster size is ϳ500 atoms ͑2.5 nm diameter in the spherical approximation͒ ͓Fig. 2͑a͔͒. The effective mean cluster aspect ratio is ϳ5, indicating that the clusters undergo some flattening, but are not reduced to monolayer height, as was observed under similar conditions by Lando et al., 9 who deposited clusters of a mean size of about 350 atoms at ϳ0.5 eV/ atom.
In the binding process, several mechanisms operate on different time scales. While the landing of clusters typically occurs on the time scale of picoseconds, diffusion and alkyl chain reorganization can take hours. In order to understand the mechanism underlying the penetration of the cluster through the organic layer, we have performed MD simulations to model gold cluster deposition on DT SAMs.
In the simulations, clusters of differing sizes were placed on top of a Au͑111͒/DT SAM layer of ϳ͑5 ϫ 5͒ to ͑7 ϫ 7͒ nm 2 , depending on the cluster size. Both the cluster and the substrate were equilibrated at 0 K, after the substrate is annealed at room temperature. The thiol molecules were taken to rest on the planar Au͑111͒ surface. The cluster was then rotated randomly and given a random lateral displacement, after which it was given a velocity downward.
We start with considering simulation results for clusters of 405 atoms. As the clusters impinged on the surface, they were found to compress the alkyl chains of the underlying thiol molecules against the Au surface. For low energy ͑ϳ0.2-0.3 eV/ atom͒, the compressed thiols tend to straighten, pushing the cluster away from the surface. Typically, this restoring force is so strong that it prevents covalent cluster-surface bond formation and the cluster remains embedded in the SAM. However, in some cases, as shown in the inset of Fig. 3 , the cluster is bound to the Au͑111͒ surface through a S-Au-S or similar linking unit, formed spontaneously during the deposition process. When the deposition energy is increased to 0.5 eV/atom, the force due to compressed thiols is no longer strong enough to push the clusters away from the surface and most of the clusters become bound to the surface, either through a few atom Au wires or molecular links. Finally, increasing the energy to 0.6 eV/ atom leads to full contact between the cluster and the substrate ͑Fig. 3͒. Thus, a transition from nonbinding to fullbinding occurs in a narrow energy interval as illustrated in Fig. 3 .
Although the observation of structures bound by nanowires and molecular links is quite surprising, note that atomthick gold wires have been demonstrated before, e.g., by breaking gold contacts. 20 The S-Au-S molecular links, on the other hand, are stabilized by the strong Au-S bonding.
In order to test the cluster size dependence of the deposition process, simulations were carried out for sizes from 13 to 1504 atoms. The threshold energy, above which more than half of the clusters bind to the surface covalently ͑either through nanowires, molecular links, or full contact͒ is shown in Fig. 2͑b͒ . For small clusters, high energy is needed for immobilization, the threshold quickly decreasing with increasing cluster size. The threshold energy is closely related to the projected range of a cluster as it is slowed down by the SAM. In a study concerning graphite ͑see Ref. 21 and references therein͒, the clusters range has been shown to be proportional to their momentum ͑p͒ divided by projected area ͑R ϰ p / r 2 ͒. For a SAM of constant thickness h, it follows that the energy per atom required to penetrate the film scales as E ϰ N −2/3 , N being the number of atoms in the cluster. Indeed, fitting a curve of the form E=a+bN −c to the data in Fig. 2͑b͒ yields to c = 0.62Ϯ 0.05, matching the expected scaling perfectly. Note that no cluster flattening is observed in the simulations, contrary to our experiments and Ref. 9 . This clearly shows that at the present energies, flattening does not occur directly upon deposition, but rather by diffusive processes and over longer time scales than what is accessible by MD. Further experiments have to address the question of stability of the predicted structures and the flattening mechanism by, e.g., controlling the deposition energy exactly at the low energies required and performing deposition at low temperature.
In conclusion, we presented molecular dynamics simulations and experiments of low-energy Au cluster deposition on thiol SAMs. The simulations predict, in a narrow deposition energy interval, binding structures where the clusters are bound to the underlying Au͑111͒ surface through nanowires and molecular links. They also show similar scaling behavior of penetration of the SAM to what is observed for cluster penetration into graphite. The experiments, compared with previous studies, [7] [8] [9] show that not only the thiol terminal group, but also small changes in deposition energy and particle size distribution lead to large changes in, e.g., flattening kinetics of the particles upon deposition. This work has been partly supported by the Academy of Finland ͑Project No. 121567͒. We thank Dr. Manfred Buck, University of St. Andrews for making the STM equipment available. 
